There are challenges in transplanting the US-European technology transfer model to emerging economies.
F
ollowing the landmark 1980 passage of the Bayh-Dole Act in the United States and Margaret Thatcher's 1987 abolition of the monopoly on British academic inventions held by the UK's British Technology Group, these two countries developed what has become the standard model for academic invention management around the globe-ownership of the invention by the inventing institution and management of the inventions by a specialized licensing office within the inventing institution. In this model, the institution pays the costs, and the revenues from licensing are used to cover those costs of patenting and licensing inventions, with the excess shared among the inventing faculty and students, and used for grants for research.
Bayh-Dole happened to coincide with several other legal and financial measures that strengthened the value of patents and boosted the availability of venture capital. It also coincided with the start of the biotech revolution, when suddenly basic life sciences research began to have immediate commercial application and value. The result was the first generation of biotech hubs that sprang up around universities in the San Francisco Bay area as well as in San Diego, the greater Boston area, Research Triangle Park in North Carolina, and Oxford and Cambridge in the United Kingdom.
As the success of the UK-US model became clear in the 1980s and 1990s, the model spread to Europe and Japan, where academic inventions had historically been owned (and the patents paid for) by the inventing faculty, who in turn kept all the revenues-a model known as the 'professors' privilege' . Today, Sweden is the only European country to still maintain a professors' privilege model. Since 2000, the institutional ownership model has spread to emerging nations, where governments have encouraged and supported these initiatives in the hopes of seeing some of the economic development benefits that have accrued in the United States and Europe. Yet, through my varied experience-director of the Office of Technology Transfer at Boston University and the DanaFarber Cancer Institute; co-founder of biotech companies Genmap (from which emerged Myriad Genetics) and Kitogenics; president of the Association of University Technology Managers; instructor of technology transfer and early-stage technology commercialization in more than 20 countries-it has become apparent to me that there are several structural issues in transplanting the US-European technology transfer model to emerging economies.
Tech transfer in developed economies
There are many inherent problems with the business model of technology transfer. Consider the path that awaits a new university wanting to establish a technology transfer program. It needs to understand and accept that there will be upfront costs that might be prohibitive, and a payoff much further down the road than many institutions and governments would be prepared to accept. Once that is accepted, a university then needs to do the following.
• Hire (and pay) technology transfer office (TTO) staff. If the country is new to this endeavor, there likely won't be local experienced staff, and the best possible candidates will need training abroad before being able to slowly learn on the job.
• Once trained, staff will need to educate faculty on what technology transfer is. Most professors will likely not have thought about applying the results of their science to realworld problems.
• When faculty eventually begin identifying real-world applications for their scientific discoveries and submitting invention disclosures, the new office will need to evaluate these disclosures for patentability and commercial potential. For those chosen, the institution must pay for the resulting patent applications.
• After patenting, TTO staff will need to market the inventions. Because academic science is usually well ahead of industrial research, finding a company for licensing takes time-in the United States, the median time from disclosure to license is four years.
• Even the best technology transfer programs license only 20-25% of the invention disclosures they receive 1 ; the investment the university has made in patenting the other 75% will be written off. (Typically, universities file at least initial provisional patent applications on ~60% of the invention disclosures they receive.) • If successfully licensed, the licensee will need to develop the technology and convert it into commercial products. This also takes time, and the technology may not work in the intended application or may not be costeffective-in the United States, only 3% of invention disclosures result in marketed products (http://www.autm.net/resourcessurveys/research-reports-databases/stattdatabase-(1)/). • For successful products, the institution will receive royalties on the sales of the marketed products. Yet, most products are not massive sellers. In the United States and across research disciplines, only 227 licenses (out of 45,000 total active licenses, of which 10,500 licenses were generating running royalties on product sales) generated more than $1 million in royalties in 2015 (http:// www.autm.net/resources-surveys/researchreports-databases/statt-database-(1)/). • Of this royalty money, a TTO will typically give away 75% or more to the inventors and as grants for research, as specified in the institution's intellectual property (IP) policy 2 .
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technology and forming partnerships, and so forth. That's the good news. Unfortunately, for a sustainable life sciences sector to develop in an emerging economy, a host of challenges can stymie commercialization, despite a wealth of entrepreneurial endeavor and innovative science. Here are some of the challenges.
University level. In emerging economies, universities generally prioritize their undergraduate programs. Class sizes are large and the faculty-to-student ratio is much higher than at universities in developed countries. As a result, professors are teachers first and researchers second, which is just as well, since government funding for science is also much lower than in developed countries.
As part of an engagement with CORFO, the industrial economic development agency of the Chilean government, Chilean universities reported their 2011 data to the Association of University Technology Managers (AUTM) Annual Licensing Survey, which has been carried out in the United States and Canada since 1991. The results showed that if all the academic research in Chile were rolled into a single institution, it would have ranked 103 rd in the United States, on par with Tulane University.
And because research funding is so low, graduate programs, particularly doctoral programs, are small or non-existent. Thus, the best and the brightest go to the United States or Europe for graduate studies, from which many do not want to return.
The study did show that the rate of invention per dollar of research in Chile is higher than in the United States ( Table 1) . Though the rate of invention in Chile has likely increased since 2011, the data don't necessarily prove that Chilean scientists are inherently more inventive than their North American and European counterparts; rather, the difference reflects in large part lower academic salaries in Chile. This pattern is unlikely to be limited to Chile, since academic salaries are generally lower in most emerging economies compared to developed ones.
Brain drain. This was mentioned above as one of the problems for universities. Frequently, the brightest and the best in emerging economies go abroad for training and advanced degrees. Once they have seen the opportunities available, they frequently endeavor to stay in these countries and their talents are lost to their homeland. As a result, governments in developing countries may be reluctant to create opportunities for their young stars to travel abroad for training. 
Tech transfer in emerging economies
There is less evidence of support for technology transfer in countries with emerging economies. Yet, working in these countries, I have discovered a couple of things. The first is that innovation is everywhere. I've encountered university innovations in Chile, Colombia, Portugal-the list goes on-particularly in food and agriculture. These discoveries were every bit as creative and original as those from universities in advanced economies. With the right coaching, supplied by organizations such as Stanford Research Institute in California and the University of Texas Austin's IC2 Institute, these ideas can be turned into compelling investment pitches. The entrepreneurial spirit of students transcends national boundaries, and the current generation of students is the most entrepreneurial ever.
The second thing is that there are amazing managers in incubators, such as the CRECE incubator in Talca, Chile; the Ruta N incubator in Medellín, Colombia; the Berytech Technological Pole in Lebanon; and the UniVenture incubator in Les Berges du Lac, Tunisia. Incubators are the de facto business schools of entrepreneurship in their countries. The incubator managers coach their companies on business plans and pitches, they know where the (somewhat limited) local sources of investment are, they know which big companies are receptive to acquiring external • Finally, the patents will expire and royalties will cease, so effort and time needs to be invested to manage the life cycle of the IP by maintaining existing patents and starting the cycle again. It is, therefore, no surprise that all attempts to make technology transfer a for-profit business have failed. Thus, if a university or country, facing this unattractive business model, retains its desire for a technology transfer ecosystem, it must consider the following points.
Return on investment. It will likely be years before their technology transfer platform will be self-supporting. A study of US TTOs, looking at data for 2006, found that over half of them spent more money than they brought in, and only 16% kept enough of their income after distributions to inventors and grants for research to cover their costs 3 . It is not uncommon to find newly established TTOs with substantial patent portfolios, all unlicensed. Patenting is relatively easy-hire creative faculty, incentivize them to disclose and pay your patent lawyers, and you will certainly get patents. Licensing them is much tougher.
So, if it's not about the money, what is technology transfer about? The answer is economic development. Technology transfer can rejuvenate existing companies and create new startup companies solving local needs and servicing local industries and companies.
Government support. However, universities hate operations that do not support themselves-consider Harvard president John Kirkland's immortal phrase: "Every tub on its own bottom. " This has led to university presidents telling their government that if schools are required to bolster the local economy, the government is going to have to pay for it. The UK government accepted this concept. Just as the government pays universities to teach and to carry out research, it introduced "Third Stream" funding to support economic development via the Higher Education Innovation 
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rather than technologies, and innovative products are generally developed abroad, not locally, with the technology transferred through multinational companies. As a consequence, there is little expertise in the art of licensing technology in emerging economies. Life sciences is probably the most intricate and sophisticated area of licensing among industries, so it is particularly hard for universities in such countries to begin out-licensing technologies to startup biotech companies. This lack of licensing expertise is evident looking at the Licensing Executives Society International (LESI; Atlanta), the major organization representing corporate licensing executives worldwide. LESI was founded in the United States in 1965, reflecting the relatively recent emergence of licensing as an important business activity even in the United States.
There are now 33 member societies in LESI, 31 in individual countries or pairs of countries (e.g., the United States and Canada, Benelux, Czech Republic and Slovakia) and two regional associations (Andean Countries and Arab Countries). Only nine of the individual country associations are for emerging nations outside of North America and Europe, and they appear to be relatively inactive in terms of putting on events, training courses and the like.
In the United States, executives from industry, myself included, were recruited by universities to lead their technology transfer offices in the 1980s and 1990s. In developing countries, leading companies generally do not have The Triple Helix. Another key differentiating factor is government policies toward commercialization. In the past 25 years, the so-called Triple Helix model (Box 1) has come to the fore in developed economies. This model relies on academic institutions, industry and government working in a coordinated ecosystem to spur commercialization, relying on closer ties between all three. In contrast, most emerging economy governments do not subscribe to the Triple Helix model of economic development. Similar to the United States before 1993, they expect universities only to supply a skilled workforce, not to be a source of innovation that can drive economic development in the country. And, as discussed earlier, these governments do not fund academic research to any significant extent, and therefore do not see a need to support TTOs to transfer research to companies.
Some of the other issues are: • In many cases, industrial R&D is only marginal or non-existent (e.g., limited to generic drugs or service providers), and there are few researchers to interact and share translational knowledge with academics.
• Policy makers generally don't have the longterm vision or commitment to stick to the long investment timelines needed. Even Singapore has been criticized for retreating from its R&D-intensive model with an obsession over metrics.
• Frequently, policy makers try to force the establishment of 'local' clusters of companies. The Japanese government set a target of 1,000 university spin-out companies in 1999. More than 1,000 were duly reported as having been created, but few of that first cohort survive today, because biotech companies need to be competitive globally in order to succeed. Clusters have to evolve over time.
Companies look abroad. Although they lack the broad industrial bases of developed nations, many countries with emerging economies boast major companies. Every nation has one or more cellular telephone companies, and there are frequently large, domestically owned entities focused on natural resources or agriculture. Fewer have domestic pharmaceutical companies, and those that do tend to produce generics, though South Africa's Aspen Pharmacare (Durban, South Africa) leveraged licenses to AIDS drugs from US and European companies in the early 2000s, transforming itself into a major research-based company. Still, flagship companies in emerging economies are rarely interested in fostering local economic clusters of companies to support their industry. For example, Aspen's deal making appears focused more on global expansion than creating a South African biotech cluster, and it looks to North America and Europe for innovation.
This phenomenon in emerging economies is not unique to the life sciences. The copper mining industry in Chile is one of the largest in the world, yet there is no cluster of Chilean companies supplying equipment, materials, components, services and expertise to support the industry. The mining companies' interactions with Chilean universities are minimaloccasional contracts for material testing, for example-despite there being a number of professors who study copper mining and have identified potential solutions to some of the problems unique to the Chilean industry. Rather, the major Chilean copper companies look to engineering companies in Germany and Switzerland for process improvements and improved equipment.
Another issue is the lack of R&D personnel with translational expertise, people able to go back and forth between companies and academic positions, or to form management teams for small or medium-sized enterprises SMEs and act as receptors for academic innovation. In China, for example, the government is keen to move industry into innovative R&D, but many of the companies there lack any significant R&D resources (Box 2).
Lack of licensing expertise. Commerce in countries with emerging economies is primarily focused on products and contract services
Box 1 The Triple Helix
In 1993, a cover story in Business Week 7 identified a new model of economic development in the United States, based on transferring university innovation to industry for development and commercialization, all supported by government. This critical role of universities in economic development was in stark contrast to previous industrial policy initiatives, in which government looked to, and supported, only industry to spur innovation. Reflecting the three constituencies involved, Etzkowitz labeled this new model the "Triple Helix" 8 .
Perhaps the most dramatic example of the Triple Helix at work is in Massachusetts, where in 1980 the economy was solidly high tech and there were only a few small startup biotech companies that had been spun out of Harvard, Tufts and Boston Universities, and MIT. In 1987, the Massachusetts Biotechnology Research Park opened across the street from the University of Massachusetts Medical School, the first dedicated biotech research park anywhere in the world, which housed a Harvard AIDS spin-out, Cambridge Biotech, as well as an incubator to spawn the next generation of tenant companies.
Thirty-five years later, Massachusetts is the undisputed leader in pharmaceutical research in the world, due to its unparalleled cluster of seven major research universities and, very importantly, 14 affiliated teaching hospitals, and to a creative and tenacious venture capital community 9 . MassBIO, the industry lobby for life sciences in Massachusetts, has grown to more than 975 members. Lawyers, companies, consultants, government and sources of investment capital in the cluster have become comfortable with universities and have developed ways to work with them to translate technologies and spur economic development.
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IP regimes in many emerging economies are less robust than in developed economies, but companies can manage this by using international IP systems, such as the Patent Cooperation Treaty system, to obtain IP protection in major markets.
Solutions
After the above litany of problems and issues, we have to ask, what are the solutions? I have seen approaches that seem to be working. Few are free, but some are relatively low cost.
Actively network.
Expatriates are a valuable resource. Even those that do not return to their homeland generally harbor goodwill toward it and will be prepared to help in whatever way they can. Such help might take the form of mentoring, which can be done over Skype, networking and offering internships. Australia is known for maintaining an active network with its expats, and in the United Kingdom, there is British expatriate in Life Sciences (BELS) that does the same.
Chinese scientists who have spent time in the United States are bringing their new entrepreneurial skills back home. This can have a big impact. A study 5 of Taiwan's Hsinchu Science Park, the largest in the country and the anchor of the Taiwanese electronics industry, found that by 1996 the park was home to 203 companies employing 54,806 workers. Only 2,563 (4.6%) were returning expats, but that small percentage had founded 40% of the companies located there.
Indian life scientists in the United States have started companies and involved scientists back in India. For instance, Mallik Sundaram, Pradip Majumder and Shiladitya Sengupta were scientists working in Cambridge, Massachusetts, and were cofounders of Momenta, Cerulean Pharma and Mitra Life Sciences, among others, before returning to India and founding Mitra Biotech (Naryana Health City, India), Vyome Biosciences (Delhi, India) and Invictus Oncology (Delhi, India) 6 .
Fellowships. Individual TTOs in the United
States frequently allow an individual from an emerging economy to work in their office for two to three months to gain experience. When I ran the Office of Technology Development at Boston University, I had more than a dozen fellows come for stays of up to 3 months over the years. Boston University did not charge for this, but the parent institution had to pay the fellow's airfare and living expenses. Fellows needed J-1 visas, which we obtained through Boston University's International Students and Scholars Office (which usually people with licensing expertise that universities can recruit, even if the universities understood the need for such people and could justify the salaries it would take to hire them.
Risk capital and undercapitalization of startups. The United States has several well-established pools of risk capital that entrepreneurs can tap into to fund technology development. Beyond the Small Business Innovative Research (SBIR) and related Small Business Technology Transfer (STTR) grants from the US National Institutes of Health, there are legions of philanthropic sources and angel investors to help launch companies. And of course the United States has long provided large amounts of venture capital to its thriving biotech industry. Data from Dow Jones Venture Source show $5.1 billion was invested into US biotechs in 2016. This is far greater than in Europe, which saw $1.3 billion, or in India, which pulled in just $29 million 4 .
In emerging economies most sources of risk capital for translational university research are missing. There are certainly rich individuals, who can serve as angel investors, but in emerging economies they are typically only interested in investing in market-ready projects, and these individuals often lack the expertise to invest in life science startups. Thus, early investment is hard to come by. An incubator in Chile described its companies as raising investment rounds of $10,000, $20,000, maybe $50,000. Only one company had raised a round of $100,000, and perhaps unsurprisingly, that was the only company that had achieved scale and self-sustainability. Compare that with the US biotech sector, where the average amount raised in a series A round for 2016 was nearly $25 million 4 .
Even in natural-resource-rich economies, where money is available, the skills needed to manage the risks of investing in technology development are frequently absent. Resourcerich economies have little experience in managing market risk-there is no market risk in oil, gas or mineral projects. There is certainly technical risk, in which the geologists were wrong and the expected resource isn't found, and there is the engineering risk of cost overruns. But markets for the products exist, and the only risk is centered on price. As a result, technology investment pools in such countries are frequently mismanaged.
Lack of legal structures. Startup companies need a sophisticated legal ecosystem. They have complex capital structures and require provisions to handle the risk of failure, as bankruptcy is a reasonable possibility. Exits are likely to be by acquisition rather than through offerings on public stock markets, none of which in emerging economies are receptive to loss-making, high-tech companies.
Emerging economies frequently have a less developed and less sophisticated legal infrastructure, which creates bureaucratic barriers to company formation. In Saudi Arabia, for example, a company can have only a single class of stock, so the typical common/series A, B, C preferred stock structure favored by venture capitalists cannot be used.
Box 2 China rising
As is the case in many industries, China bears watching in biotech. It has the most active patent office in the world-SIPO, the State Intellectual Property Office of China, processed more than 1 million patent applications in 2015 (ref. 10). There were also several times more infringement suits filed in China than in the United States (14,202 in China vs. 5,600 in the United States) 11 , though damages are a fraction of what is routinely awarded in the United States, and are usually limited to $150,000 per case 12 . China also has a growing base of venture capital, with some Chinese biotechs receiving significant rounds of funding, and large pharma companies are establishing research facilities there. Furthermore, China implemented the institutional-ownership model of technology in October 2015, which specifies that inventors receive 70% of the income from licensing, so Chinese professors are now highly incentivized to get involved in the process.
China also has the Chinese Academy of Sciences (CAS), with its more than 120 individual research institutes. Lenovo Group, arguably China's first global brand, spun out from the CAS in November 1984. In July 2016, the CAS Intellectual Property Management Center was founded in Beijing to provide a unified platform for the CAS to strengthen the protection and application of intellectual property rights as well as technology transfer. Reportedly, 78 institutes have joined this program. There is also a company called The Chinese Academy of Sciences Holdings, which participates in venture capital and private capital investments as an institutional investor and makes direct investments on companies based on technology from CAS.
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International training. Perhaps the cheapest way to develop technology transfer capability is to hire one of the many retired US technology transfer professionals to teach courses in an emerging economy. A week's course will likely cost less than $10,000 for expenses and fees, and will, in addition, establish mentoring relationships that will have continuing value.
Conclusions
In short, new models will be needed to stimulate the development of biotech ecosystems in emerging economies, and a few have surfaced. One example, which appears robust and sustainable, is the philanthropically funded public-private partnerships (PPPs) that were set up 15 or so years ago and funded by organizations such as the Bill and Melinda Gates Foundation to develop treatments for neglected tropical diseases. PPPs are essentially virtual, developmentonly drug companies that take drugs and vaccines that have already been identified by others in academia and the private sector, and develop them into formulations suitable for delivery in resource-limited environments. The funding to develop the drugs comes from philanthropic and development sources, not from existing drug profits. This allows the drugs to be manufactured by generic manufacturers and sold on a cost-plus basis.
Other models that are likely to be successful in the earlier stages are generic drug manufacturing and contract research organizations to assist with clinical trials in local populations.
All this indicates that emerging economies are unlikely to generate significant drug-focused biotech hubs-at least along the traditional US-European lines-in the near future. It might be more likely that agriculture is an area of innovation, similar to what is happening in Nairobi, Kenya, which is developing a sophisticated hightech agricultural ecosystem, air-shipping produce to Europe and beyond.
Regardless, many technologies start in academic and government research laboratories all over the world, and these institutions must have robust technology transfer infrastructures in place to ensure that scientific data are converted into IP that can be transferred to companies for development, resulting in the creation of high-tech clusters and economic development. The preceding analysis shows that there are severe challenges to creating the technology transfer capabilities needed to harness creative science in many emerging took around 3 months), and often we secured accommodation for the fellow in a visiting scholar apartment. This kept a three-month visit to around $10,000-cheap, for the experience gained.
Boston University was also part of the State Department's Humphrey Fellowship program under which mid-career professionals from emerging economies can study at a US university for a year, and some of awardees wanted to study IP Over a three-year period the partnership between AUTM and CORFO in Chile organized training courses and then assigned seven highly experienced consultants to work with 21 Chilean universities and national laboratories to develop five-year strategic plans and one-year operating plans to implement TTOs. However, such programs typically cost many millions of dollars and need to be organized and paid for at the governmental level.
Intergovernmental organizations. The World Bank (Washington, DC) organizes training courses and partnerships to facilitate development of technology transfer in emerging economies, including a World Bank program underway nationwide in Serbia, staffed by two experienced US technology transfer experts. Also, the World Intellectual Property Organization (Geneva) is funding in-depth training programs in half-a-dozen developing countries.
AUTM has partnered with the Asia Pacific Economic Cooperation (Singapore) to offer a series of technology transfer training courses over a three-year period in Asia. A key component has been to identify and train individuals in Asian countries who can absorb the content, adapt it to local circumstances and continue training at the local level, in the local language (though it is critically important that technology transfer professionals be fluent in English, the international language of business).
These programs will typically not charge the emerging economy, though they may need to cover travel expenses for their attendees.
Seeding Labs. Seeding Labs (Cambridge, MA, USA) is a non-profit that seeks donations of obsolete items of life sciences laboratory equipment from Massachusetts universities and companies to refurbish and donate to universities in Africa. These items may be obsolete in Massachusetts, but they are typically vastly superior to the offerings in the African country and allow the recipient universities to compete for international grants and collaborations with life scientists in advanced economies.
Seeding Labs also offers summer fellowships to bring scientists from these countries to Massachusetts to learn such skills as grant writing and project management, and there are opportunities to orient the fellows in technology transfer during these visits.
Forming local tech transfer associations.
Several emerging economies have formed associations of their TTOs-SARIMA in South Africa, FORTEC in Brazil and USIMP in Turkey. These groups can now lobby the government for support and funding, and can form international partnerships. Such organizations organize local training courses to educate new recruits for the profession. SARIMA and USIMP have joined the Alliance for Technology Transfer Professionals and help their members become Registered Technology Transfer Professionals (RTTP), an internationally recognized technology transfer credential.
